Since its invention in the 1990s single-molecule force spectroscopy has been increasingly applied to study protein (un-)folding, cell adhesion, and ligand-receptor interactions. In most force spectroscopy studies, the cantilever of an atomic force microscope (AFM) is separated from a surface at a constant velocity, thus applying an increasing force to folded bio-molecules or bio-molecular bonds. Recently, Fernandez and co-workers introduced the so-called force-clamp technique. Single proteins were subjected to a defined constant force allowing their life times and life time distributions to be directly measured. Up to now, the force-clamping was performed by analogue PID controllers, which require complex additional hardware and might make it difficult to combine the force-feedback with other modes such as constant velocity. These points may be limiting the applicability and versatility of this technique. Here we present a simple, fast, and all-digital (software-based) PID controller that yields response times of a few milliseconds in combination with a commercial AFM. We demonstrate the performance of our feedback loop by force-clamp unfolding of single Ig27 domains of titin and the membrane proteins bacteriorhodopsin (BR) and the sodium/proton antiporter NhaA.
Introduction
How a protein acquires its native three-dimensional structure has become one of the most important topics in biological research. Studies on the folding, unfolding, and stability of proteins have been dominated for decades by ensemble methods, such as chemical and thermal denaturation experiments. While these approaches mainly deal with protein unfolding, they have provided a lot of information on the interactions established within proteins and the underlying mechanisms that may change these interactions [1] . Although ensemble methods allow trapping and characterization of (un-)folding intermediates of many small globular proteins, these approaches only provide an average impression of what really happens 1 Author to whom any correspondence should be addressed.
during the (un-)folding process. As a consequence, simultaneously occurring (un-)folding pathways or intermediates with low frequencies cannot be resolved. About a decade ago, the idea of multiple folding pathways leading to the native protein fold was proposed [2] [3] [4] . The complexity of such multipathway protein folding is represented by multidimensional folding funnels and energy landscapes [1] [2] [3] . Hence, new experimental approaches are required to address the protein folding problem.
Exciting information on protein (un-)folding is provided by single-molecule techniques. These rapidly emerging approaches have allowed the observation of individual molecules, their unique reaction pathways and deviations from the average behaviour that are lost in ensemble measurements [5] . Using a pioneering approach based on the atomic force microscope (AFM) [6] , Rief, Gaub, and their co-workers used single-molecule force spectroscopy (SMFS) to un-and refold individual immunoglobulin domains from the giant muscle protein titin [7, 8] . Only a short time later, the problem of membrane protein (un-)folding was addressed [9] and SMFS showed that individual bacteriorhodopsin (BR) molecules follow different unfolding pathways [9, 10] , which depend on the temperature [11] , and hence on the shape of the energy landscape determined by potential barriers [12] . The same experimental set-up allowed researchers to observe that membrane proteins can also choose among different folding pathways [13] [14] [15] .
In SMFS, a single protein is tethered between the tip of the AFM cantilever and a solid support mounted on a piezoelectric actuator. While retracting the tip from the support at a constant velocity, the tethered protein is stretched and the cantilever deflection is monitored with sub-ångström accuracy. In a certain force regime, the protein unfolds leading to a force peak and the sequential unfolding of a multi-domain protein leads to a characteristic saw-tooth force spectrum.
Every peak detected in the force spectrum reflects the rupture of molecular interactions that stabilized the protein. Dynamic force spectroscopy (DFS) experiments, where the loading rate is modulated by varying the pulling speed, allow the characterization of energy landscapes underlying the mechanical behaviour of e.g. individual ligand-receptor pairs [16] or (membrane) proteins [12, 17, 18] by calculating potential barrier widths and the corresponding natural transition rates over those barriers. In these experiments, the applied force is time-dependent as the molecule itself acts as a non-linear entropic spring linked in series with the cantilever. Hence, the loading rate experienced by the molecule is not constant during the experiment, complicating data interpretation.
Alternatively, a constant force can be applied to a bond or a protein using an AFM-based force-clamp apparatus [19] [20] [21] [22] [23] [24] . The application of a constant clamping force leads to an exponential decay of the life time of the bond/protein [20] [21] [22] . The advantage of this technique is that life times and, maybe more importantly, life time distributions can be directly assessed at a well-defined constant force load [19] . Further, force-clamping enables new types of experiments such as monitoring folding trajectories of single proteins under force [20, 23] .
In contrast to conventional SMFS, where the piezoelectric actuator is retracted from the tip with a constant speed, forceclamp experiments require the surface to move depending on the force measured at the cantilever. Thus, the cantilever deflection is constantly monitored and compared to a userdefined set-point. The resulting error signal is fed into a feedback controller to carefully adjust the position of the piezoelectric actuator such that the cantilever deflection reaches its set-point. The high-performance force-clamp instruments are typically custom-made consisting of custom analogue electronics for feedback control [20] [21] [22] 24] . At about the same time as we started our developments, a software-based PID controller was proposed for slow set-point adjustments in thermal noise measurements [25] .
Here, we present a simple, fast, and all-digital feedback loop system for force-feedback single-molecule experiments. The performance is demonstrated by unfolding a multi-domain construct of five Ig27 domains (Ig27 5 ), the model system for small globular proteins, and the integral membrane proteins BR from Halobacterium salinarium and the Na + /H + -antiporter NhaA from Escherichia coli. Importantly, we demonstrate that our system is capable of easily combining constantvelocity SMFS with the force-feedback mode, allowing the realization of complex experimental cycles including extending, retracting, and holding single molecules.
Materials and methods

Sample preparation
Engineered Ig27 5 [26] was adsorbed to template-stripped gold for 25 min in PBS buffer. AFM experiments were performed in PBS. Native purple membrane from H. salinarium [27] was adsorbed to freshly cleaved mica in 300 mM KCl, 20 mM Tris-HCl, pH 7.8 [28] . This buffer solution was used for the BR experiments [9] . Two-dimensional crystals of NhaA [29] were immobilized on freshly cleaved mica in 150 mM KCl, 10% glycerol, 25 mM K + -acetate, pH 4.0 for 20 min. Experiments on NhaA were performed in buffer solution containing 150 mM KCl, 50 mM NaCl, 20 mM TrisHCl at pH 7.7. After AFM imaging of immobilized membrane protein patches, an unperturbed area was selected to unfold individual proteins [13] .
Force spectroscopy measurements
A commercial AFM (PicoForce, Nanoscope IV, di-Veeco, Santa Barbara, USA) was extended with two server-grade PCs equipped with 16 bit data acquisition electronics (E-6036 and M-6259, National Instruments, Munich, Germany). For data capture, the deflection and the z-piezo signal were digitized at 10 kHz using the M-series card and IgorPro 5.0 (Wavemetrics, Lake Oswego, USA). For force-feedback control, the deflection signal was first low-pass filtered at 1 kHz using a low noise pre-amplifier (SR560, Stanford Research, Sunnyvale, USA) before it was digitized and amplified in the software-based PID controller (see below). The z-feedback loop of the commercial AFM was turned off during the experiments to avoid two nested feedback loops.
For all force spectroscopy experiments, V-shaped 100 μm long SiN 3 cantilevers with a nominal spring constant of 90 pN nm −1 (OMCL-TR 400, Olympus, Tokyo, Japan) were used. The spring constant of each cantilever was measured in liquid using the thermal fluctuation method [30, 31] prior to the experiments. Proteins were attached to the AFM tip by pushing it on the surface with a contact force of 1-2 nN for 1-2 s. Afterwards, the cantilever was retracted 10-25 nm from the surface with a speed of 500 nm s −1 to overcome non-specific tip-surface interactions. Beyond this distance a defined force was applied to the protein molecule in the force-clamp mode. After the force-clamp measurement, the cantilever was separated another 400 nm from the surface to make sure that molecules still bound to the AFM stylus were detached. To reduce noise and thermal drift of the system, a glass bell was used to isolate the AFM from acoustic noise and temperature variations of the environment. Subsequently, the microscope was allowed to equilibrate for at least 1 h.
Data analysis
Data analysis was performed using IgorPro. For Ig27 5 , life times of structural intermediates were determined by measuring the length of the plateaux between the initial loading (figure 2(A), beginning of stage 1) and the rupture event. For membrane proteins, such as NhaA, the life time had to be measured differently. As the membrane protein is anchored by the lipid membrane, the force is exclusively applied to those structural elements directly connected to the cantilever tip by the unfolded peptide. The following structural elements are not loaded until the preceding elements unfolded. Hence, the life time of a single structural segment is the time between two consecutive rupturing events.
Software-based PI(D) controller
The PID controller was entirely software-based as programmed in IgorPro 5.0 (code available on request). The deflection signal from the microscope was acquired at ∼5 kHz in a voltage range from −5 to +5 V using the E-series card after low-pass filtering with a cut-off frequency of 1 kHz. Whenever required, the deflection signal of the free cantilever was determined before each experimental cycle and served as the zero-force reference for calculating the force set-point. In the feedback mode, the deflection signal was continuously monitored with a do-while loop. During each iteration, the proportional error (P) between the set-point and the actual deflection was obtained by calculating the difference between these two values. The mean of the error (P) and the error calculated in the preceding cycle gave the integral error (I ). The differential error (D) resulted from the difference of the error (P) and the preceding error. The correction value for the z-piezo position, z corr , is then given by
where pg, ig, and dg denote the proportional, integral, and differential gains, respectively. The gains are weighting factors that were adjusted experimentally.
In the experiments shown here, we set dg = 0 leading to a simpler PI-controller, which was easier to tune. To prevent overshooting while compensating for large errors, we introduced an anti-reset-windup function, which sets I = 0 if P was larger than a pre-defined threshold. The threshold value was adjusted empirically.
Results and discussion
PI(D)-controller
We built a force-clamp apparatus around a commercial AFM by extending it with two server-grade PCs for data acquisition and feedback control (figure 1; methods). It is well known, that the performance of any feedback controller strongly depends on fine-tuning the system, i.e. careful adjustment of the gains. In our case we set the differential gain to dg = 0, thus creating a PI-only controller and simplifying the system as only a proportional and integral gain had to be adjusted. Although differential control has the advantage of reduced overshoot, a differential term is very sensitive to oscillatory behaviour and thus may not be recommended for AFM applications. Indeed, Figure 1 . Force-clamp set-up based on a commercial AFM. The photo-detector signal was digitized in PC 1, while the deflection set-point and the error between deflection set-point and deflection signal was fed into the PI-controller. The resulting z-position signal was used to drive the z-piezo through the AFM-controller. PC 2 acquired the deflection signal from the photo-detector and the z-position signal.
we observed overshooting in the first test (data not shown). This overshooting could be reduced by either lowering the gains and thus slowing down the response time of the system, or introducing an anti-reset-windup that activates the integral control only in the vicinity of the set-point. The latter solution allowed almost complete elimination of overshooting while keeping the response time short ( figure 2(A), inset) . We then adjusted the proportional and integral gains by evaluating the feedback performance in terms of response time and settling behaviour. We analyzed unfolding events of Ig27 and NhaA molecules for fine-tuning. Typical time-courses of force and molecular extension are shown in figure 2(A) (upper (red) and middle (blue) traces). Unfolding of each Ig27 domain resulted in an increase in the molecule's extension and a short decrease in the force applied to the molecule. The latter is caused by the finite response time of the feedback loop, i.e. the time needed to reach the force set-point. Analysis of such unfolding events revealed that the typical response time is of the order of ∼6 ms (figure 2(A), inset), which is comparable to the performance of the custom-built analogue systems [21, 22] . Occasionally, we also observed response times of <3 ms. As it takes only ∼200 μs for the feedback loop to complete an iteration, i.e. the position of the piezoelectric actuator is updated at a frequency of ∼5 kHz, it seems feasible that the average response time of the feedback loop can be further improved.
The digital feedback loop results in several advantages. (i) Analogue feedback systems potentially introduce additional noise during signal processing which is absent in digital feedback systems.
Although analogue systems perform calculations faster, a digital system may be preferred, if the performance is sufficiently fast for maintaining the forcefeedback since calculations performed by the digital feedback system are highly reproducible. (ii) Analogue systems are prone to drift, e.g. due to thermal fluctuations or ageing of their components. In contrast, the digital feedback loop is by definition very stable as no thermal drift or ageing effects can occur. Hence, the digital system removes one possible source of system instability (see also section 3.2). (iii) Digital implementation of the feedback loop enables us to control the system through the software interface and allows the addition and removal of experimental features (such as filters or antireset-windup) quickly without the need for hardware changes. These arguments show that a digital set-up can make AFM experiments very versatile and allows new experiments to be readily designed by combining different modules such as combining force-feedback and constant-velocity. For example, we used a z-ramp with constant velocity to unfold and extract transmembrane α-helices G, F, E, D, C, and B of BR and then load transmembrane α-helix A with a force of ∼80 pN ( figure 3(A) , upper (red) trace). With a delay of only 0.1 ms, we then turned the force-feedback on to maintain the strain on helix A until it was finally unfolded and extracted from the membrane ( figure 3(A) , lighter coloured segments starting at arrow). We believe that the modular design of the feedback loop opens avenues towards sophisticated mechanical singlemolecule experiments during which single molecules are stretched, relaxed, or clamped at a defined force to specifically address a variety of bio-mechanical questions.
System stability
To apply a constant force on the molecule during a forceclamp experiment, the stability of the digital feedback system is of utmost importance. The digital feedback loop itself is very stable since it has no hardware components that may introduce additional uncertainties. Nevertheless, some parts of the system, especially the cantilever, are susceptible to drift. This is an important point to address in the context of forceclamp applications, as cantilever drift could lead to significant errors in the force measurement. If the system is not in thermal equilibrium, temperature gradients within the AFM head and the liquid surrounding the cantilever will occur, e.g. due to heat generation by the laser. Thereby, the cantilever starts drifting, i.e. the cantilever slowly bends. This is caused by differences in thermal expansion of the cantilever material (e.g. silicon or silicon nitride) and the reflective coating (e.g. gold). This drift can be circumvented by allowing the system to thermally equilibrate. We used a glass bell to create an acoustically and thermally isolated compartment that allows the AFM to equilibrate. Even in such a thermally equilibrated system, a considerable variety in the drifting behaviour within a given set of cantilevers can be observed [20] . Consequently, we screened many cantilevers for low drift and used those for the forceclamp measurements [22, 23] . The drift of these cantilevers could be neglected in the time range of a single experiment, which was ≈7 s.
Force-clamp unfolding of Ig27 5
The mechanics of the giant muscle protein titin and especially of its immunoglobulin domain 27 (Ig27) have been extensively studied using SMFS techniques [7, 8, 24, 32, 33] . For this reason, multi-domain Ig27 is an ideal molecule for testing our feedback system. First, we performed constant-velocity SMFS at 1.3 μm s −1 for later comparison with the force-clamp data. We obtained saw-tooth patterned force-distance curves with periodic spacing between adjacent peaks ( figure 2(A) , black trace). The peak spacing (∼25 nm) and the peak forces (between 200 and 300 pN) are in good agreement with data reported previously [7] . Then, we unfolded Ig27 using forceclamp SMFS. Like the force-distance curves from constantvelocity SMFS, the extension curves obtained in the forceclamp mode showed a broad length distribution, which is due to attachment of the molecule to the AFM stylus at a random position along the polypeptide chain. Only curves showing three or more steps of 23 nm were considered for further analysis. This step size is the expected extension observed after unfolding single Ig27 domains and stretching the polypeptide to 105 pN, as estimated by the distance between two consecutive peaks in conventional force spectra at that force ( figure 2(A) , dashed lines; see also [24] ).
The elongation curve of the force-clamp experiment contains several regions of varying duration ( figure 2(A) , blue trace). While all extension curves showed the typical 23 nm steps, their evolution over time never looked the same, demonstrating that unfolding of an Ig27 domain represents a stochastic process (see also [16] ). The life times of individual domains of this molecule varied from 20 ms to 1.2 s ( figure 2(A) , state 1 and 5). After unfolding the last Ig27 domain, the polypeptide was still tethered to the AFM tip and the support and consequently stretched ( figure 2(A), state 6) . In a last step, the molecule detached from the tip or the support ( figure 2(A), state 7) . Here, the cantilever was retracted from the surface at constant speed to set the molecule free after the force-feedback was turned off. Figure 2 
Force-clamp unfolding of NhaA
Initial force spectroscopy experiments on unfolding of BR validated the high potential of the approach for studying interactions that govern stability and folding of membrane proteins [9, 10] . Peaks in force spectra of BR, as well as other membrane proteins, could be correlated to the sequential unfolding of individual structural domains until the protein was entirely unfolded. Hence, detailed insights into stabilizing interactions have been achieved at the submolecular level. Further applications of SMFS, such as DFS, or force modulation spectroscopy were used to probe stability and unfolding pathways of the protein under varying mechanical loads [12, 34] . These data together with the recent modelling of the unfolding process in silico [35, 36] have significantly contributed to our understanding of complex molecular interactions of membrane proteins and their assemblies. Another example of a membrane protein studied with SMFS is NhaA, a Na + /H + antiporter from E. coli. Our recent studies exploiting SMFS in the conventional constant-velocity mode allowed for a comprehensive analysis of molecular interactions within NhaA and for revealing switching the protein function on and off [37, 38] . Here, we present for the first time experiments on probing interactions of a membrane protein by force-clamp SFMS using NhaA as an example.
Mechanical unfolding of an individual NhaA molecule in a constant-velocity SMFS experiment results in a force-extension trace of ≈100 nm length that contains a characteristic pattern of force peaks [13] (figure 4, right (black) trace). Single domains have certain probabilities to unfold individually or together with domains directly connected by the peptide. With the three-dimensional crystal structure of NhaA [39] , it was possible to precisely assign individual peaks appearing in the force spectra to structural domains.
Similarly to titin unfolding experiments, extension traces obtained in force-clamp SMFS on NhaA showed great variations in length, as single molecules interacted with the AFM stylus either with their termini or extramembrane loops. Only traces of ∼100 nm length were further considered, as they resulted from the sequential unfolding of NhaA molecules into an entirely stretched conformation [13] . These forcedistance curves could be assigned to proteins stretched from their C-terminus, as our previous studies showed that the Nterminal end of NhaA is not accessible to the AFM tip at the investigated pH 7.7 [38] . A characteristic extension trace recorded on NhaA is shown in figure 4 (left (blue) trace) . The trace contains several characteristic plateaux where the contour length of the unfolded polypeptide chain remains constant for 20-300 ms prior to further elongation, which reflects the stepwise unfolding of the protein. In some cases, however, the stability of intermediate states was rather low (<10 ms) and some of those unfolding steps were hardly resolved (figure 4, inset).
Measuring the extension of the polypeptide chain at every step allowed reconstructing the unfolding pathways of NhaA under a constant force (figure 4). Analysis of 12 extension traces of NhaA showed that unfolding pathways followed by molecules under a constant load are similar to those observed in conventional SMFS experiments. This behaviour is not surprising, as in both cases a mechanical load of the same order of magnitude and in the same direction (normal to the membrane plane) is applied to the protein, thus probing similar molecular interactions within the protein. Comparing spectra of the force-clamp and constant-velocity SMFS further validates this conclusion ( figure 4, dashed lines) . Each stable intermediate detected in the force-clamp trace could be correlated with a characteristic peak in the force-extension spectrum of NhaA. Remarkably, when switching from state 2 to 3, NhaA passed through two short-living intermediates, as shown in the magnified region ( figure 4, inset) . At the same extension, the constant-velocity trace demonstrates a triple peak, a characteristic feature of unfolding transmembrane domains IX and X [13] . These domains contain multiple kinks and short non-helical regions that result in low stability during mechanical unfolding [39] .
The short α-helical pair VII and VIII of NhaA demonstrates the highest stability in conventional SFMS, and this also holds true for force-clamp experiments. Stage 4 (figure 4) reflects unfolding of helix VIII that is linked to helix VII by a 3 amino acid long loop and could withstand the force of 70 pN for ∼500 ms before cooperative unfolding of the whole helical pair. In 10 of 12 extension traces recorded on NhaA this domain demonstrated the longest life times under loading forces of 50-75 pN. However, careful analysis of the force-clamp data revealed an additional event prior to the cooperative unfolding of this helical pair. A minor increase in the contour length of 1.5 nm could be seen in the extension trace, but not in constant-velocity spectra. Remarkably, this step did not cause immediate unfolding of transmembrane α-helices, so they remained in a stable conformation. Probably, the observed step reflects conformational change of the transmembrane domains; hence, further experiments should be designed to study the unfolding mechanism and kinetics in greater detail. Also, we noticed that many small steps in the elongation time-course of NhaA made the curve appear noisier, particularly if compared to the experiments on Ig27 5 .
Conclusions
Here, we present a software-based force-feedback loop to upgrade a commercial AFM. The digital approach enables constant-force single-molecule experiments with a performance comparable to recently introduced hardwarebased solutions. We successfully applied our digital feedback loop to unfold multi-domain titin Ig27 and the membrane protein NhaA. As the digital feedback system works with an internal feedback frequency of ≈5 kHz, we see the potential to increase the performance and reduce the response time well below 5 ms. The advantage of this digital system is its modular design. In particular, already the combination of constantvelocity and force-feedback modules would allow us to design a variety of complex experiments to stretch, relax or clamp single molecules at preset forces.
